Increasing number of studies report that microRNAs play important roles in radiosensitization. miR-30a has been proved to perform many functions in the development and treatment of cancer, and it is downregulated in non-small cell lung cancer (NSCLC) tissues and cells. This study was conducted to understand if miR-30a plays a role in the radiosensitivity of NSCLC cells. Radiosensitivity was examed by colony survival assay and tumor volume changing in vitro and in vivo, respectively. Bioinformatic analysis and luciferase reporter assays were used to distinguish the candidate target of miR-30a. qRT-PCR and western blotting were carried out to detect the relative expression of mRNAs and proteins. Cell cycle and cell apoptosis were determined by flow cytometry. Our results illustrated miR-30a could increase the radiosensitivity of NSCLC, especially in A549 cell line. In vivo experiment also showed the potential radiosensitizing possibility of miR-30a. Further exploration validated that miR-30a was directly targ eting activating transcription factor 1 (ATF1). In studying the ataxia-telangiectasia mutated (ATM) associated effects on cell radiosensitivity, we found that miR-30a could reduce radiation induced G2/M cell cycle arrest and may also affect radiation induced apoptosis. Together, our results demonstrated that miR-30a may modulate the radiosensitivity of NSCLC through reducing the function of ATF1 in phosphorylation of ATM and have potential therapeutic value.
Introduction
miR-30a has been implicated to function as tumor suppressor in various kinds of cancer (1) , such as breast cancer (2) , colon cancer (3), osteosarcoma (4), hepatocellular carcinoma (5), non-small cell lung cancer (NSCLC) (6) , glioma (7), ovarian carc inoma (8) and renal clear cell carcinoma (9) . Numerous studies have suggested that miR-30a could influence tumor progression through modulating cancer cell proliferation (10), migration, invasion (4), epithelial-mesenchymal transition (EMT) (2) , apoptosis (5), autophagy (11) and other ways (12) . A study on NSCLC tissues using miRNA microarray demonstrated that miR-30a was downregulated in both adenocarcinomas (14/20) and squamous cell carcinomas (20/20) (P=0.448) (13) . Other studies (14) arrived to the same conclusion and revealed that its low expression was associated with cancer risk and indicated poor prognosis (15) . In vitro experiment (16) also suggested miR-30a was downregulated in NSCLC A549 cells compared with BEAS-2B normal lung epithelial cells, overexpression of miR-30a could inhibit A549 lung cancer cell malignancy (6, 16) . However, the exact role and underlying mechanism whereby miR-30a regulates the development and progression of NSCLC remains elusive.
MicroRNAs have been found to modulate tumor radiosensitivity in modulating a variety of pathways and molecules (17, 18) . The primary ways that miRNAs modulate radiosensitivity were DNA damage repair, apoptosis, cell cycle checkpoint and tumor microenvironment (19) . miR-124, miR-200c, miR-302 and miR-142 were found to affect the radiosensitivity of colorectal cancer (20) , NSCLC (21) , breast cancer (22) and malignant pediatric brain tumors (23) , respectively. Moreover, a recent study firstly found that miR-30a could increase the radiosensitivity of prostate cancer cells (24) . We did not find other studies concerning miR-30a and radiosensitivity. So, we investigated whether miR-30a could function as a radiosensitizer in NSCLC and its mechanism.
In this study, the effects of miR-30a on the radiosensitivity of NSCLC was studied in vitro and in vivo. Bioinformatic analysis and luciferase reporter assay illustrated that activating transcription factor 1 (ATF1) was a predicted target of miR-30a on its 3' untranslated region (3'UTR). Overexpression of miR-30a in NSCLC cell lines enhances the radiosensitivity of NSCLC, especially in A549 cells. Further investigation found ionizing radiation (IR)-induced G2/M cell cycle arrest was blocked by miR-30a and it may also affect the IR-induced apoptosis. These changes may be partly through binding to the 3'UTR of ATF1 mRNA, thereby affected the function of ATF1 in ataxia-telangiectasia mutated (ATM) phosphorylation process. Overall, our study indicated that miR-30a may be an important factor in influencing the radiosensitivity of NSCLC. More studies are needed to explore the precise molecular mechanism of miR-30a on regulating radiosensitivity in NSCLC.
Materials and methods
Cells and animal culture. A549 and H460 cells were obtained from the Center for Translational Medicine, Department of Xi'an Jiaotong University (Shaanxi, China). Cells were maintained in RPMI-1640 medium (Gibco Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; ExCell), cultured at 37˚C, humidified thermostat with 5% CO 2 atmosphere.
Five-week-old nude mice were used for tumor xenograft model and housed in the Center of Laboratory Animals of Xi'an Jiaotong University. The mice were all caged in specific pathogen free condition with constant temperature and humidity. Animals were randomly grouped to accept subcutaneous injection of A549 cells with lenti-GFP or lenti-miR-30a-5p or lenti-inhibitor stable expression. Animal experiments were authorized by the Institutional Animal Care and Use Committee of Xi'an Jiaotong University. Animal care abided by the rules of the Institutional Animal Care and Use Committee of Xi'an Jiaotong University.
MicroRNA transient transfection and lentiviral infection. miR-30a-5p agomir (50 nM), miR-30a-5p antagomir (100 nM) and their negative control (50 or 100 nM) (GenePharma, Shanghai, China) (Table I) were transfected into cells, respectively, with Lipofectamine 3000 (Invitrogen Life Technologies, Carlsbad, CA, USA) transfection reagent following the manufacturer's instructions for 24 to 48 h. Transfection efficiency were detected and cells were used in the assays descried below.
Lentiviral transduction vector pGMLV-MA2 or pGMLV-MI7 with miR-30a-5p overexpression or miR-30a-5p downregulation were co-transfected into HEK293T cells with packaging mix. Lentivirus particles were harvested 48 h after transfection. A549 cells (Genomeditech Co., Ltd., Shanghai, China) were infected using the recombinant lentivirus with 5 µg/ml polybrene.
RNA extraction and qRT-PCR analysis. RNA extraction kit (Takara Bio, Inc., Shiga, China) was used to isolate total RNA and TRIzol (Invitrogen Life Technologies) to extract microRNA, following the manufacturer's instructions. Prime Script RT Master Mix and Mir-X miRNA First-Strand Synthesis kit (both from Takara Bio, Inc.) were used to synthesise reverse tra nscribed complementary DNA, respectively. SYBR Premix Ex Taq II and Mir-X miRNA qRT-PCR SYBR kit were used to perform qRT-PCR. U6 was the internal control. Primer sequences (5'-3') were as follows: hsa-miR-30a-5p, GTGTAAA CATCCTCGACTGGAAG; hsa-ATF1 forward, TTCTGGAG TTTCTGCTGCTGT and reverse, CCATCTGTGCCTGGAC TTG. All of the primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Dual-luciferase reporter assay. Fragments of ATF1 mRNA 3'UTR with either the sequence of miR-30a-5p binding site or its complementary bases were cloned in dual-luciferase report vector, obtaining pmirGLO-ATF1-wild and pmirGLO-ATF1-mutant recombinant plasmids (GenePharma). The two recombinant plasmids and pmirGLO-negative control were then transfected into A549 cells with miR-30a-5p agomir (50 nM). Thirty-six hours after transfection, Dual-Luciferase Reporter assay system (Promega, Madison, WI, USA) was used to measure the activity of luciferase.
IR. Linear accelerator (Siemens, Munich, Germany) was used for irradiation. Cells were treated with 200 cGy/min dose rate in room temperature to reach a required total dose using. IR group contain fifteen mice, consist of five randomly selected nude mice in each different miR-30a-5p expression group (10/group). Tumor-bearing mice in the IR group were treated with 2.0 Gy irradiation for 5 consecutive days from day 21 to 25, and achieved a total dose of 10.0 Gy irradiation.
Colony formation assays. After 0, 2, 4, 6 and 8 Gy irradiation cells were incubation for 10 to 14 days. Formaldehyde of 4% was used to fix the cell clones and then stained with 1% crystal violet. Colonies of ≥50 cells were counted and fitted to single target model using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA).
Cell cycle and apoptosis analysis. For cell cycle assay, 70% ethanol was used to fix the harvested cells and placed at -20˚C overnight. Then incubated for 10 min in 50 µg/ml propidium iodide (PI) for analysis. Annexin V-PE/7-AAD apoptosis detection kit was used to test cell apoptosis, based on to the manufacturer's instructions. Cell cycle and apoptosis of the prepared cells were detected by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). Western blotting. Cells were lysed in RIPA lysis buffer (BD Pharmingen, San Diego, CA, USA), protein concentration was measured by BCA reagent kit (Beyotime Institute of Biotechnology, Haimen, China). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate cellular lysates, then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Boston, MA, USA). The transfected membranes were blocked in 5% skim milk and incubated in 4˚C overnight using the following primary antibodies: anti-ATF1 (1:1,000), anti-ATM (1:1,000), anti-ATM (phospho-1981; 1:5,000) (all from Abcam, Cambridge, MA, USA), anti-p53 (1:800), anti-p21 (1:500), anti-Bax (1:1,000) and anti-Bcl-2 (1:500) (all from Wanleibio, Shenyang, China), anti-GAPDH (1:3,000; Proteintech Group, Inc., Chicago, IL, USA). Then incubated with horseradish peroxidase-conjugated secondary antibody, goat anti-rabbit (1:5,000) or goat anti-mouse (1:5,000) (both from Cell Signaling Technology, Inc., Danvers, MA, USA). All bands were visualized with enhanced chemiluminescence (ECL) kit (Millipore).
Statistical analysis. Statistics of at least three different experiments were analyzed by GraphPad Prism 5. Results are presented as means ± SEM. Statistical significance of two groups were tested by Student's t-test. P-value <0.05 was considered to have statistical significance.
Results

miR-30a enhances radiosensitivity of A549 and H460 cells.
Colony survival assays were assessed to estimate the radiosensitivity of A549 and H460 cells. The two cell lines were treated with 0, 2, 4, 6 and 8 Gy radiation after transfected with miR-30a agomir (50 nM) or miR-30a antagomir (100 nM) or their negative controls (50 and 100 nM) for 36 h, respectively. Besides, cell proliferation was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay after A549 cells were transfected with miR-30a agomir or miR-30a antagomir or their negative control. No statistical differences were found between the groups in 24, 48 and 72 h (data not shown). miR-30a expression were examined by qRT-PCR and confirmed that the agomir and antagomir were transfected successfully (P<0.01) (Fig. 1A and B) .
The miR-30a agomir groups of A549 cells showed a decrease of colony formation rate after radiation exposure compared to the controls, especially after 6 Gy (P=0.0408) or 8 Gy (P=0.0258) irradiation ( Fig. 1C and E) . Conversely, the colony formation rate was increased in the miR-30a antagomir A549 cell groups than in the antagomir NC groups, 6 Gy (P=0.0103) and 8 Gy (P=0.0451) also showed statistical significance ( Fig. 1C and E) . Results of the four groups in H460 cell line were in accordance with A549 cell line, but no statistical significance was found ( Fig. 1D and F) .
ATF1 expression is a target of miR-30a. In order to investigate the underlying mechanism of miR-30a affecting the radiosensitivity of NSCLC, we conducted bioinformatic analysis to predict the potential targets for miR-30a through searching PicTar, TargetScan and miRDB. We found that ATF1, which may also be associated with tumor radiosensitivity (25) , was a predicted target of miR-30a (Fig. 2A) .
Schematic diagram of miR-30a targeting the 3'UTR of ATF1 is shown in Fig. 2B .
Dual luciferase reporter assay was performed to further confirm that miR-30a directly target the 3'UTR of ATF1. The luciferase activity of pmir GLO-ATF1-wild was significantly decreased (P=0.0131), but pmirGLO-ATF1-mutant was not (P=0.2561), compared to pmirGLO-negative control group (Fig. 2C) . Confirming that ATF1 could directly bind to the 3'UTR of miR-30a.
Furthermore, qRT-PCR and western blotting were assessed to examine if miR-30a could regulate the expression of ATF1 in A549 cell line. We found that ATF1 mRNA and protein were decreased in the miR-30a agomir group compared to the control group (Fig. 2D-F) . Conversely, the ATF1 expression increased in the miR-30a antagomir group (Fig. 2D-F) . These results further demonstrated that ATF1 was inversely regulated by miR-30a in the A549 cells.
miR-30a may enhance radiosensitivity of A549 cells through ATM pathway. Lentivirus systems were used to further explore the mechanism of miR-30a sensitizing radiation. A549 cells with stable overexpression and downexpression of miR-30a were designated as lenti-miR-30a and lenti-inhibitor, respectively. A549 cells with stable expression of GFP was used as a control and named lenti-GFP. Infection efficiency at 48 h by fluorescence microscopy showed bright GFP tag in lentiviruses (Fig. 3A) . Relative miR-30a expression by qRT-PCR showed miR-30a was significantly increased by lenti-miR30a (P=0.0108) (Fig. 3B) and decreased by lenti-inhibitor (P=0.0014) (Fig. 3C) .
Western blotting results showed that ATF1 expression was downregulated in lenti-miR-30a cells and upregulated in lenti-inhibitor cells, compared with lenti-GFP cells ( Fig. 3D and E) . Given that ATM was an important and the first responder to DNA double-strand breaks (DSBs) (26) and by phosphorylation it involves in many IR-induced cell processes (27) , we then detected ATM and p-ATM (S1981) expression. The results indicated that ATM protein expression and phosphorylation of ATM at S1981 corresponded with ATF1 (Fig. 3D, F and G) . The expression of ATF1 and ATM showed no difference with 8 Gy irradiation or without irradiation. Phosphorylation of ATM at S1981 was very low without irradiation, and significantly increased after 8 Gy irradiation (Fig. 3G) .
miR-30a enhances radiosensitivity by blocking the radiation induced G2/M checkpoint arrest in A549 cell line.
To examine the impact of miR-30a on cell cycle progression and cell cycle distribution of A549 cells were measured by flow cytometry in lenti-miR-30a or lenti-inhibitor or lenti-GFP cells as contrast.
Cells after 0 or 8 Gy irradiation were collected to assess the cell cycle. Results revealed that in non-irritated group, cell cycle was not affected by miR-30a expression. However, after 8 Gy irradiation lenti-miR-30a decreased the proportion in G2/M phase (23.21±1.85% vs. 28.02±3.06%, P=0.0251) and lenti-inhibitor contrarily showed increase in the proportion (37.05±2.80% vs. 28.02±3.06%, P=0.0075) (Fig. 4A and B) .
In addition, western blotting results showed that miR-30a negatively influence IR-induced p53 expression, and the expression of p21 was suppressed (Fig. 4C) . Taken together, the above results demonstrated that miR-30a may sensitize radiation by blocking the radiation induced G2/M checkpoint arrest in A549 cells.
miR-30a may enhance irradiation-induced apoptosis of A549 cells. Furthermore, we detected the effects of miR-30a on apoptosis of A549 cells after irradiation by using flow cytometry. We found that miR-30a could not induce apoptosis without IR. The apoptosis rate was significantly increased after 8 Gy irradiation in all the three groups ( Fig. 5A and B) . Moreover, percentage of apoptosis in lenti-miR-30a cells was higher than the rate in lenti-GFP cells after 8 Gy irradiation (27.93±2.00 vs. 18.63±1.59%, P=0.0026) (Fig. 5B) . On the contrary, the apoptosis rate in lenti-inhibitor cells was modestly decreased, but not statistically significant (14.1±1.73 vs. 18.63±1.59%, P=0.1409) (Fig. 5B) .
Since cell apoptosis after 8 Gy irradiation showed inconformity with p53 expression, we detected Bcl-2 and Bax protein expression by western blotting. After IR, Bcl-2/Bax ratio in lentimiR-30a group was decreased compared with lenti-GFP group, but had no statistical significance and lenti-inhibitor group did not exhibit the desired result ( Fig. 5C and D) . Indicating that the apoptotic rate increase in the miR-30a upregulated group after IR may be partly involved in mitochondrial apoptotic pathway, but not in p53 apoptotic pathway.
These data illustrate that increasing radio-induced apoptosis may be another way in which miR-30a sensitizes the radiosensitivity of A549 cells. The precise regulatory mechanism is complicated and need further research.
miR-30a may enhance the sensitivity of A549 cells murine xenograft model to irradiation. To explore the radiosensitization potential of miR-30a in vivo, lenti-miR-30a and lenti-GFP cells were injected subcutaneously on the back of nude mice. Tumor growth was evaluated from the 7th day after injection until the mice were sacrificed.
Our results illustrated that after IR tumor growth trend slowed down ( Fig. 6A and B) . Tumor volume in the lenti-miR-30a group were smaller than those derived from lenti-GFP group (Fig. 6C) , and tumors in lenti-inhibitor group showed counter trends, but no statistical significance. Treatment dose and schedule may be the two main influencing factors. Moreover, when irradiating the tumor, the nude mice were completely exposed to X-ray. Nude mice in the IR group gradually showed a series of symptoms, the most obvious was weight loss, this may also influence the tumor size.
Discussion
MicroRNAs are important radiosensitivity regulators by interacting with the key molecules involved in radiosensitivity (19) and miR-30a has been found to act as a radiosensitizor in prostate cancer cells by targeting TP53INP1 and modulating autophagy (24) . Thus, the potential therapeutic value of miR-30a attracted our interests in determine its function on NSCLC radiosensitization. Here, we found miR-30a functions as a sensitizer to irradiation in NSCLC cells, especially in A549 cells and may enhances the effect of radiation on tumors in nude mice. Furthermore, our data provide evidence for the potential role of miR-30a in suppressing the IR-induced G2/M cell cycle arrest and increasing the IR-induced cell apoptosis.
The main target of IR is cellular DNA, ATM has a key role in the study of IR caused DNA damage (28) . In response to DNA damage, by phosphorylation of ATM S1981, a series of downstream molecules can be actived to mediate cell cycle arrest, apoptosis (29) and initiate DNA repair (26) . Shanware et al (25) announced that the downregulation of ATF1 could inhibit ATM expression synergistically. Interestingly, by using three public prediction databases we identified ATF1 as a potential target gene of miR-30a. The dual luciferase reporter assay, qRT-PCR and western blotting also proved that ATF1 is a direct target of miR-30a in the 3'UTR. Consistent with a previous study (25) , we found that IR exposure neither affect the expression of ATM nor ATF1, but downregulation of ATF1 could reduce ATM expression and suppress IR induced ATM S1981 phosphorylation. These data suggested that by targeting ATF1, miR-30a could enhance the radiosensitivity of A549 cells through inhibiting the effect of ATF1 in IR induced ATM S1981 phosphorylation.
Since cell cycle arrest, DNA repair and apoptosis are the main ways that cancer cells react to IR through ATM (30), we further investigated the effect of miR-30a on these aspects after IR. Our results indicated that miR-30a could not alter cell cycle and apoptosis rate in non-irradiated A549 cells. While, miR-30a expression can increase IR-induced apoptosis and decrease IR-induced G2/M cell cycle arrest after 8 Gy IR. In response to IR induced DNA damage, phosphorylation of ATM can increase p53, either inducing DNA repair, cell cycle arrest (31), or apoptosis, thereby, maintain genomic stability (32) and this may also reduce the therapeutic effectiveness (33) . p53 wild-type cell lines, when irradiating with ATM were downregulated, p53 cannot be retarded and lead to cell cycle checkpoint deficiency (1) . In line with these documented studies, we noted in p53 wild-type A549 cells, p53 expression was consistent with the activation of ATM after IR. With p53 downregulation, cell cycle checkpoint was shortened, damaged cells cannot be eliminated in time, in this way, DNA repair ability can be decreased, thus radiosensitivity was enhanced. Moreover, with the accumulation of unrepaired, misrepaired and mutated DNA, the apoptosis can be subsequently increased, this may also partly cause the enhancing of radiosensitivity.
However, in human cancer, one individual miRNA could participate in the whole cancer procedure from initiation, progression to terminal by targeting hundreds of genes (34) . They are involved in multiple pathways and could not only restrain but also accelerate cancer development (35) . In our study, we surprisingly found that unlike A549, when combined with miR-30a, the colony survival of H460 showed a modest decrease, but no statistical difference with its control group. This may be associated with the modest miR-30a expression fold-change compared with A549 cells after miR-30a transfection ( Fig. 1A and B) . The in vivo study showed miR-30a can result in tumor volume regression, but still no statistical differences. Possibly this is due to the IR starting too late or the IR ceased too early or the IR dose was insufficient. The relationship between miR-30a expression and the time and dose of IR need further investigation to reveal the accurate role and profound underlying mechanism of miR-30a. In conclusion, our study indicated the importance of miR-30a in enhancing the radiosensitivity of A549 cell line by targeting ATF1, and association with the downregulation of ATM pathway, which may be a potential therapeutic factor of radiosensitization.
